Abstract L-arginine (L-Arg) is metabolized by nitric oxide synthase and arginase enzymes. The gastric pathogen Helicobacter pylori causes peptic ulcer disease and gastric cancer. We have shown that alterations in L-Arg availability and metabolism into polyamines contribute significantly to the dysregulation of the host immune response to this infection. Nitric oxide (NO) derived from inducible NO synthase (iNOS) can kill H. pylori. There are multiple mechanisms leading to failure of this process, including competition for L-Arg substrate by H. pylori arginase, and induction of host macrophage arginase II (Arg2) and ornithine decarboxylase (ODC). Generation of spermine by ODC inhibits iNOS translation and NOmediated H. pylori killing. Expression of ODC is dependent on formation of a unique AP-1 complex, leading to upregulation of c-Myc as a transcriptional enhancer. Macrophage apoptosis is mediated by oxidation of spermine via the enzyme spermine oxidase (SMO) that generates hydrogen peroxide (H 2 O 2 ), and thus oxidative stress-induced mitochondrial membrane polarization. Our studies have demonstrated that apoptosis occurs through a pERK ? pc-Fos/c-Jun ? c-Myc ? ODC ? SMO pathway. In gastric epithelial cells, activation of oxidative stress by H. pylori is dependent on SMO induction and results in both apoptosis and DNA damage, such that inhibition or knockdown of SMO markedly attenuates these events. In summary, L-Arg metabolism by the arginase-ODC pathway and the activation of SMO leads to H. pylori-induced DNA damage and immune dysregulation through polyamine-mediated oxidative stress and impairment of antimicrobial NO synthesis. Our studies indicate novel targets for therapeutic intervention in H. pylori-associated diseases, including gastritis, ulcer disease, and gastric cancer.
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Introduction
Helicobacter pylori is a microaerophilic, Gram-negative bacterium that selectively colonizes the human stomach and causes chronic gastritis, peptic ulcers, and gastric cancer (Marshall and Warren 1984; Correa 1992; Uemura et al. 2001) . Gastric adenocarcinoma is the second leading cause of cancer-related death worldwide, and chronic gastritis induced by H. pylori is the strongest known risk factor for this malignancy (Nomura et al. 1991; Parsonnet et al. 1991; Peek and Blaser 2002) . Of those infected, approximately 10% develop peptic ulcers and 1% develop carcinoma (Nomura et al. 1991; Parsonnet et al. 1991; Peek and Blaser 2002) . Factors shown to contribute to the risk for development of gastric cancer include host genetic susceptibility (El-Omar et al. 2000) , phylogenetic origin ) and virulence factors (Basso et al. 2008; Blaser et al. 1995) of H. pylori strains, and diet (Dorant et al. 1996; Piazuelo et al. 2008) . Moreover, the persistence of H. pylori in the gastric mucosa despite eliciting a vigorous innate and adaptive immune response is a hallmark of the infection and is considered to be a major cause for malignant transformation (Wilson and Crabtree 2007; Peek et al. 2010; Wroblewski et al. 2010) . Thus, various mechanisms have been proposed to explain how H. pylori evades host immune responses, such as induction of apoptosis in T cells (Wang et al. 2001a ) and macrophages (Gobert et al. 2002; Chaturvedi et al. 2004; Cheng et al. 2005; Asim et al. 2010; Menaker et al. 2004 ).
In addition, increased regulatory T cells have been implicated (Rad et al. 2006) . Polyamines have been shown to attenuate immune responses by inhibiting cytokine production in inflammatory diseases. Moreover, polyamine catabolism by the enzyme spermine oxidase (SMO; PAOh1) generates reactive oxygen species (ROS), which may cause DNA damage and cell apoptosis (Wang et al. 2001b; Vujcic et al. 2002; Pledgie et al. 2005; Chaturvedi et al. 2004; Xu et al. 2004) . In this review, we will discuss the mechanisms by which polyamines dysregulate the host immune response, modulate apoptosis, and induce oxidative damage in gastric epithelial cells during H. pylori infection.
Biosynthesis of polyamines in cells infected with H. pylori
Polyamines are polycationic amino acids that are synthesized by the arginase-ornithine decarboxylase (ODC) pathway. Arginase metabolizes L-arginine (L-Arg) into L-ornithine plus urea; in the cytosol, L-ornithine is converted to putrescine by ODC, and in the mitochondria into L-proline by ornithine aminotransferase Pegg and McCann 1982) . ODC, a rate-limiting enzyme, converts L-ornithine into putrescine, which can then be converted to spermidine and spermine by spermidine synthase and spermine synthase, respectively (Pegg and McCann 1982) . We have shown that H. pylori induces arginase II (Arg2) (Gobert et al. 2002; Lewis et al. 2010 Lewis et al. , 2011 and ODC (Gobert et al. 2002; Chaturvedi et al. 2004; Bussiere et al. 2005; Cheng et al. 2005; Asim et al. 2010; Chaturvedi et al. 2010) in macrophages in vitro and in vivo and causes an increase in polyamine levels (Fig. 1) .
Induction of arginase
Arginase enzymes are the endogenous antagonists to inducible nitric oxide (NO) synthase (iNOS) because they compete for the same L-Arg substrate by metabolizing it to L-ornithine and urea (Wu and Morris 1998) . The latter is used by ODC to produce the polyamine putrescine, which is further metabolized to form spermidine and spermine. There are two isoforms of arginase: arginase I (Arg1) is abundant in liver and is important for the urea cycle, and arginase II (Arg2) is abundant in kidney and localizes to mitochondria (Nissim et al. 2005; Li et al. 2001; Wu and Morris 1998) . H. pylori infection causes an increase in Arg2 expression in the RAW 264.7 murine macrophage cell line and in primary peritoneal macrophages (Gobert et al. 2002; Lewis et al. 2010) . A time course study showed that Arg2 mRNA expression was upregulated after 2 h of activation with H. pylori, which continued out to 24 h; in contrast, Arg1 was not induced, and a decrease was observed at 6 h and later time points (Gobert et al. 2002) . This increase in Arg2 expression was confirmed with Northern blot analysis (Gobert et al. 2002) .
Arg2 protein expression is also significantly enhanced in response to H. pylori in macrophages (Fig. 1) , and Arg1 protein is not induced (Gobert et al. 2002; Lewis et al. 2010) . Immunofluorescence detection with double staining for Arg2 and MitoTracker dye showed that Arg2 localizes to mitochondria . A dramatic increase in arginase activity was observed in H. pylori-stimulated macrophages after 12 h . When arginase activity was assessed in cytosolic and mitochondrial subcellular fractions, it was only increased in the latter ), which further confirms that H. pylori-induced Arg2 is a mitochondrial protein.
Upregulation of Arg2 in RAW 264.7 cells was also observed when live H. pylori were separated from macrophages by a Transwell filter support (Gobert et al. 2002) . These data suggest that H. pylori-derived factors are potent activators of Arg2. We have also demonstrated that Arg2 levels are increased in mouse and human H. pylori gastritis tissues (Gobert et al. 2002; Lewis et al. 2011 ). There is a marked and consistent increase in Arg2 mRNA levels compared with control tissues, and the basal expression of Arg1 in uninfected control tissues is actually decreased in H. pylori-infected tissues (Gobert et al. 2002; Lewis et al. 2011) . Immunofluorescence staining of formalin-fixed, paraffin-embedded gastric tissue sections from wild-type (WT) and Arg2 -/-mice on the C57BL/6 background demonstrated increased Arg2 levels in H. pylori-infected tissues from WT mice that localized to F4/ 80
? macrophages (Lewis et al. 2011) . Taken together, these studies provide evidence that H. pylori induces Arg2 in macrophages in vitro, and in gastric mucosa of mice and humans.
Biological consequences of upregulation of Arg2
Simultaneous induction of both iNOS and arginase in macrophages is uncommon, as studies have demonstrated that induction of one usually leads to the inhibition of the other. However, several pathogens have devised strategies to upregulate arginase to suppress iNOS-dependent host defense. For example, downregulation of NO production by macrophages has been attributed to induction of Arg1 by the intracellular parasites Leishmania major (Iniesta et al. 2001) and Toxoplasma gondii (El Kasmi et al. 2008) , and the intracellular bacterium Mycobacterium tuberculosis (El Kasmi et al. 2008) ; and to induction of Arg2 by the extracellular parasite Trypanosoma brucei brucei (Duleu et al. 2004 ) and the intracellular bacteria Chlamydia psittaci and C. pneumoniae (Huang et al. 2002) .
Decrease in NO production in these studies has been attributed to substrate competition. In contrast, in H. pylori infection, increased Arg2 activity inhibits iNOS translation, and this is the mechanism of inhibition of NO production (Fig. 1) . We reported that inhibition of arginase with S- . The resulting increase in NO resulted in increased killing of H. pylori, which was verified by attenuated antimicrobial action of macrophages with an NO scavenger . Similarly, H. pyloristimulated iNOS protein expression and NO production were increased in peritoneal macrophages isolated from Arg2 -/-mice . In H. pylori-infected mice, treatment with BEC or deletion of Arg2 increased iNOS protein levels and NO generation in gastric macrophages ). This study indicated that Arg2 activation decreased the availability of intracellular L-Arg for iNOS translation and NO production. Consistent with our data, decreased L-Arg levels have been shown to inhibit iNOS translation in astrocytes (Lee et al. 2003) .
Using a chronic H. pylori infection model, we determined that Arg2 impairs host defense in vivo (Lewis et al. 2011 ). Arg2
-/-mice exhibited increased histologic gastritis and decreased bacterial colonization compared with WT mice. Importantly, when individual mice were considered, in Arg2 -/-mice gastritis scores were inversely correlated with H. pylori colonization; thus more inflammatory response was associated with less colonization, but in WT mice this benefit of the inflammatory response did not occur (Lewis et al. 2011) . Consistent with more effective host defense to H. pylori, when compared with WT mice, Arg2 -/-mice had more gastric macrophages, more of these cells were iNOS ? , and these cells expressed higher levels of iNOS protein (Lewis et al. 2011) . To assess NO levels in situ, we used nitrotyrosine staining as a marker, and found that it was increased in the inflammatory cells in infected Arg2
-/-, but not WT mice (Lewis et al. 2011) . Because Arg2 -/-mice had more gastric macrophages, we assessed apoptosis and found that it was markedly decreased during acute infection when measured by flow cytometry in isolated cells and in situ by staining for cleaved caspase-3 (Lewis et al. 2011 ). We also demonstrated enhanced mRNA expression levels of IFN-c, IL17a, and IL-12p40, and reduced IL-10 levels by real-time PCR, consistent with a more vigorous Th1/Th17 response (Lewis et al. 2011 ). These studies demonstrate that Arg2 contributes to the immune evasion of H. pylori by limiting macrophage iNOS protein expression and NO production ( Fig. 1) , causing macrophage apoptosis, and inhibiting proinflammatory cytokine responses. A remaining question is the role of polyamines as downstream mediators of the effects of Arg2 in macrophages in vivo. To address this, we intend to measure polyamine levels in Arg2 -/-mice at several time points post-inoculation, and to cross Arg2 -/-mice with mice that have heterozygous deletion of ODC and reduced polyamine synthesis.
Induction of ODC in macrophages
H. pylori induces ODC, the rate-limiting enzyme for polyamine synthesis (Fig. 1) . We initially described an increase in ODC mRNA expression and activity in H. pylori-stimulated macrophages (Gobert et al. 2002) . A detailed study of ODC activity showed a biphasic increase that peaked at 6 h, followed by a decline at 12 h, and a second peak at 18 h (Fig. 2a) . We demonstrated that H. pylori induced ODC promoter activity that correlated with mRNA and protein expression ( Fig. 3) . As shown in Fig. 3a , H. pylori addition to RAW 264.7 macrophages resulted in a timedependent, 12-fold increase in ODC promoter activity that peaked at 6 h after bacterial stimulation. There was a nearly identical degree and time course of induction of ODC mRNA expression, determined by real-time PCR (Fig. 3b) , and protein expression as assessed by Western blot analysis (Fig. 3c ). These data indicated that in H. pylori-stimulated macrophages, a time-dependent increase in ODC promoter activation leads directly to an increase in ODC activity, and thus modulation of polyamine content ).
H. pylori increases levels of polyamines in macrophages
Measurements of the levels of putrescine, spermidine, and spermine provide biological significance for increased ODC in macrophages stimulated with H. pylori. As shown in Fig. 2b , after exposure to lysates of H. pylori, there was no detectable level of putrescine observed up to 12 h, but a marked increase was observed at 18 h, and this was significantly reduced at 24 h ). In contrast, there was an increase in spermidine at 6 and 12 h and an increase in spermine at 12 h, followed by a decline in these two polyamines that was inversely proportional to the increase in putrescine from 12 to 24 h (Fig. 2b ). These polyamine data are consistent with the back-conversion of spermine and spermidine mediated by the induction of catabolic enzymes from 6 to 18 h, as shown in Fig. 2c ). Induction of catabolic enzymes and effects on polyamine levels will be discussed in detail in this review.
Lack of induction of ODC in gastric epithelial cells
In our studies, we have tested several gastric epithelial cell lines (AGS and MKN28 human carcinoma cells, and conditionally immortalized mouse stomach cells) and found no increase in the levels of ODC mRNA in H. pyloriinfected cells . In fact, it has been reported that H. pylori decreases ODC activity in gastric epithelial cells (Takashima et al. 2002) . As discussed below, our tissue studies have demonstrated that ODC is not upregulated in gastric epithelial cells in infected tissues.
Induction of ODC in gastric tissues
Epidemiological studies have demonstrated that ODC mRNA expression is associated with an increased risk of gastric cancer. It has been reported that H. pylori eradication decreases ODC mRNA expression and activity (Konturek et al. 2003) , but the source had not been known. It had also been reported that there are increased polyamine levels in gastric tissues from H. pylori-infected human subjects (Linsalata et al. 1998 ) and that spermine levels were increased in intestinal-type gastric tumors, typical of H. pylori-induced cancer, compared with diffuse gastric tumors (Russo et al. 1997) . We have recently reported Metabolism of arginine and polyamines in H. pylori infection 631 ) that ODC mRNA is increased in human H. pylori infection compared with H. pylori-negative gastritis or normal tissues, and that experimental infection in mice also induces ODC mRNA expression. We also demonstrated by immunohistochemistry that ODC localizes to the lamina propria mononuclear cells in human H. pylori gastritis and that ODC protein expression is increased in isolated gastric macrophages from infected mice when assessed by flow cytometry ).
Molecular mechanism of ODC induction
Ornithine decarboxylase is known to be a transcriptional target of c-Myc, and the ODC promoter has a putative c-Myc binding sequence in the untranslated exon1 region (Bello-Fernandez et al. 1993) . We therefore tested whether c-Myc binding was involved in the transcriptional activation of ODC in response to H. pylori. c-Myc mRNA and protein expression were induced in murine macrophages . In response to H. pylori, newly synthesized c-Myc translocates to the nucleus and binds to the ODC promoter, which we demonstrated by electromobility shift assay ). Inhibition of c-Myc binding to the promoter region by a dominant-negative c-Myc construct or by an antennapedia-linked peptide binding inhibitor resulted in inhibition of ODC promoter activity, mRNA expression, and protein expression . However, using deletion constructs, we found that even in the presence of c-Myc induction and an intact c-Myc binding site, there was no upregulation of ODC promoter activity unless the minimal upstream -264 bp ODC promoter was left intact, indicating that there is an H. pylori response element (HPRE) is in this region (Figs. 4, 5) . These findings suggested that c-Myc served as a transcriptional enhancer in conjunction with the HPRE to activate ODC expression in response to H. pylori. When we assessed the activation of these events further, we found that H. pylori induced phosphorylation of ERK1/ 2 and that phosphorylated ERK translocated to the nucleus and activated an AP-1 transcription complex (Fig. 4) . Inhibition of ERK phosphorylation by chemical inhibitors or inhibition of AP-1 complex binding by ectopic overexpression of a dominant-negative form of c-Fos inhibited c-Myc and ODC expression in parallel . Immunoprecipitation, fluorescence resonance energy transfer, and oligonucleotide pull-down assays showed that the H. pylori-induced AP-1 complex was uniquely composed of a phospho-c-Fos and c-Jun heterodimer (Fig. 4) . The formation of this unique AP-1 complex also depends on phosphorylation of ERK and its translocation to the nucleus. Chromatin immunoprecipitation and fluorescence polarization assays using antibodies against phospho-c-Fos and c-Jun confirmed the binding of these AP-1 components to the c-Myc promoter . Our studies were consistent with previous reports that H. pylori induced AP-1 activity (Kudo et al. 2007; Yamauchi et al. 2008) , but the formation of a specific phospho-c-Fos and c-Jun heterodimer appeared to be unique to macrophages, and the involvement of this AP-1 complex in c-Myc expression had not been previously identified.
The ERK-pc-Fos/cJun-c-Myc pathway provides mechanistic insight into how ODC is induced in macrophages. In addition, it should be noted that this pathway was not activated in macrophages stimulated by other bacteria, such as Camplyobacter jejuni or Citrobacter rodentium, which were tested because they are enteric pathogens that cause colitis in mice . Also, H. pylori does not induce this specific AP-1 complex in gastric epithelial cells, and the induction of ERK phosphorylation is much more transient in macrophages than epithelial cells in response to H. pylori . These findings may help explain why ODC is differentially regulated in macrophages versus gastric epithelial cells. The importance of our findings is further highlighted by the fact that gene polymorphisms of ODC were not identified in H. pylori infection (You et al. 2005 ). In addition, ODC has not emerged as a gene undergoing epigenetic regulation during H. pylori infection (Schneider et al. 2010 ).
Biological consequences of ODC induction
We have reported that in macrophages, H. pylori upregulates iNOS and antimicrobial NO production, but in parallel there is induction of Arg2, generating ornithine, and of ODC, generating polyamines (Fig. 1) . Spermine, in particular, has been shown to restrain immune response in activated macrophages by inhibiting proinflammatory gene expression (Zhang et al. 1997) . We have reported that spermine inhibits NO production in a dose-dependent manner in a murine macrophage cell line and in peritoneal macrophages with an IC 50 of 9.2 and 9.0 lM, respectively (Fig. 1) . Spermine did not alter iNOS mRNA expression levels, but inhibited iNOS protein expression levels ). Using [ 35 S] methionine for radiolabeling of proteins, we showed that spermine inhibits de novo synthesis of iNOS protein expression . Pulse chase experiments confirmed that spermine inhibits iNOS protein synthesis, but not the stability of iNOS protein . Further studies involving knockdown of ODC expression by siRNA demonstrated that depletion of endogenous polyamines increases de novo synthesis of iNOS protein and results in an increase in NO production, which leads to more effective killing of H. pylori (Fig. 1) . Treatment of macrophages with spermidine also inhibited H. pylori-stimulated NO production and iNOS protein levels, but to a lesser degree than that which occurred with spermine, and putrescine had no inhibitory effect . These data suggest a specific mechanism by which H. pylori suppresses iNOS expression at the translational level, which allows this pathogen to avoid the innate antimicrobial response of the host.
In addition, we have reported that NO generation in H. pylori-stimulated macrophages is strongly dependent on L-Arg availability in the culture medium and requires concentrations well above the circulating physiologic level of L-Arg in mice and human beings of 0.1 mM to maximize response (Chaturvedi et al. 2007 ). This effect of L-Arg was shown to be concentration dependent and was mediated primarily by an enhancement of iNOS translation with increasing L-Arg levels (Chaturvedi et al. 2007 ). In cells starved of L-Arg, there was nearly complete loss of global protein translation, but this was fully restored at 0.1 mM L-Arg and did not increase further at higher levels of L-Arg in culture medium. Similarly, other H. pylori-inducible enzymes, ODC and cyclooxygenase-2, were absent without L-Arg, but fully restored at 0.1 mM L-Arg. Thus the concentration-dependent effect of L-Arg was specific to iNOS (Chaturvedi et al. 2007 ).
L-Arg uptake in macrophages has been attributed to the y ? cationic amino acid (CAT) transport system (Kakuda et al. 1999 ). CAT2, a member of the CAT family of proteins, transports L-Arg into macrophages (Nicholson et al. 2001 ). We have reported that H. pylori induces CAT2 mRNA expression in macrophages in vitro and in infected gastric tissues from mice and humans, with localization of CAT2 protein to lamina propria macrophages . H. pylori increases L-Arg uptake in a biphasic, time-dependent manner. Spermine did not decrease the levels of CAT2 mRNA or protein expression, but inhibited L-Arg uptake in macrophages when added exogenously to the cell culture medium (Fig. 1) . Specifically, we detected decreases in L-Arg uptake of 85.3 ± 8.2 and 99.8 ± 2.4% at 6 and 24 h after activation with H. pylori . Similar to the effect of spermine, knockdown of CAT2 with siRNA decreased iNOS protein expression and production of NO, but not expression of iNOS mRNA . Furthermore, knockdown of ODC with siRNA reduces intracellular levels of spermine ) and increases L-Arg uptake in macrophages in a sustained manner, and led to earlier, more sustained, and higher levels of iNOS expression and NO production . Taken together, these results indicate a novel pathway for inhibition of host defense by H. pylori, such that increased endogenous levels of spermine in macrophages due to induction of ODC causes an inhibition of L-Arg uptake and thus suboptimal levels of iNOS and NO that are needed to kill the bacterium (Fig. 1) .
To directly determine the effect of spermine accumulation on the NO-dependent innate immune response to H. pylori, we administered the ODC inhibitor a-difluoromethylornithine (DFMO) to mice (1% wt/vol in the drinking water) for the 4-month course of infection. With H. pylori infection, there was a twofold increase in polyamine levels in gastric tissues that were reduced to basal levels with DFMO treatment . In freshly isolated gastric macrophages from H. pyloriinfected mice, the levels of L-Arg uptake, iNOS protein, and NO were enhanced significantly in cells from mice treated with DFMO when compared with cells from infected mice receiving water alone . Importantly, direct assessment of gastric colonization with H. pylori revealed that DFMO treatment of mice resulted in a significant, 2-log-order reduction in bacterial levels when assessed by culture or quantitative PCR ). In parallel, there was a significant reduction in gastric inflammation in DFMO-treated mice.
In addition to affecting iNOS translation, polyamines also modulate H. pylori-induced apoptosis. H. pylori causes apoptosis in macrophages in a time-dependent manner that parallels the Arg2 and ODC activity kinetics in H. pylori-stimulated macrophages (Gobert et al. 2002) . Two different arginase inhibitors, N (omega) hydroxy-L-arginine and N(omega)-hydroxy-nor-L-arginine, each attenuated H. pylori-stimulated macrophage apoptosis (Gobert et al. 2002) . Inhibition of ODC, which utilizes L-ornithine as substrate generated by arginase activity, also blocked apoptosis in an H. pylori-stimulated murine macrophage cell line (Gobert et al. 2002) (Fig. 5 ). We observed inhibition of H. pylori-induced apoptosis when ODC expression was blocked by either inhibiting c-Myc binding to its partner protein by a dominant-negative form of c-Myc protein or treating cells with a cell-permeable peptide that inhibits binding of the c-Myc/Max complex to its putative DNA-binding sequence in the ODC promoter . Furthermore, inhibition of phospho-cFos/cJun AP-1 complex formation in H. pylori-activated macrophages by the ERK inhibitor, PD 98059, or by overexpression of a vector expressing a dominant-negative form of c-Fos resulted in inhibition of c-Myc/ODC-mediated apoptosis in macrophages (Fig. 4) . In a mouse model of H. pylori infection, using flow cytometry and staining of macrophages with the cell surface marker F4/80, a rapid, 12-fold increase in the number of macrophages was observed in mouse gastric tissues, peaking at 2 days post-inoculation, but the number of these cells rapidly decreased to levels of uninfected mice by 
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Fig. 5 Schematic presentation of the mechanism for apoptosis in H. pylori-stimulated macrophages. H. pylori induced synthesis of polyamines by the Arg2-ODC pathway is followed by release of H 2 O 2 by SMO that causes apoptosis 3 days post-inoculation . This decrease in cell counts was accompanied by a large increase in macrophage apoptosis that peaked at 2 days post-inoculation . Based on our in vitro findings, we tested the ERK inhibitor, PD 98059, in vivo, and found that pretreatment with this agent before infection with H. pylori markedly decreased levels of phospho-ERK, phospho-cFos, the phospho-c-Fos/c-Jun AP1 complex, ODC, and apoptosis in gastric macrophages . Similarly, apoptosis has been linked to polyamines in intestinal epithelial cells (Yuan et al. 2002) .
Catabolism of polyamines in cells
Back-conversion of spermidine and spermine by catabolic enzymes has been proposed to induce apoptosis in lung and breast cancer cell lines (Ha et al. 1997; Pledgie et al. 2005 ). We therefore postulated that H. pylori might induce polyamine catabolic enzymes that produce H 2 O 2 . In one pathway, spermine or spermidine is metabolized by the enzyme spermidine/spermine N 1 -acetyltransferase (SSAT) to acetylspermine and acetylspermidine, respectively, which are then acted upon by peroxisomal acetyl polyamine oxidase (APAO) to form spermidine and putrescine, respectively (Pegg and McCann 1982) . Spermine can be oxidized directly and specifically to spermidine without the intermediate acetylation step by spermine oxidase. Initially, this enzyme was called PAOh1, but was later renamed as spermine oxidase (SMO) (Wang et al. 2001b; Vujcic et al. 2002; Pledgie et al. 2005; Chaturvedi et al. 2004; Xu et al. 2004 ).
Induction of catabolic enzymes by H. pylori
In macrophages, H. pylori increases levels of ODC, SSAT, and SMO mRNA expression, but not that of APAO, in macrophages . Ornithine decarboxylase enzyme activity shows a biphasic increase that initially peaks at 6 h and then again at 18 h after stimulation (Fig. 2a) . Spermine oxidase activity peaks at 18 h, but is significantly increased as early as 6 h after stimulation, whereas SSAT activity does not increase until 18 h after stimulation and APAO activity is not increased as shown in Fig. 2c . Polyamine measurements showed a parallel between catabolic enzyme activity and levels of putrescine, spermidine, and spermine; there was an increase in levels of spermidine and spermine from 6 to 12 h after stimulation by H. pylori, followed by a clear decline in these two polyamines that was inversely proportional to the increase in putrescine from 12 to 18 h (Fig. 2b) . These polyamine data are consistent with the back-conversion of spermine to spermidine that is mediated by the induction of SMO from 6 to 18 h, and the subsequent increase in putrescine is likely due to the late increase in SSAT activity and subsequent back-conversion of acetylated polyamines by APAO (Fig. 1) .
We have also reported that H. pylori induces a significant increase in SMO mRNA expression in the gastric epithelial AGS cell line . Stimulation with H. pylori resulted in a significant increase in SMO promoter activity with the -1,117-bp minimal promoter construct , suggesting that the observed increase in SMO mRNA is regulated at the transcriptional level and is associated with H. pylori infection. We have observed SMO induction in other gastric cancer cell lines as well as in non-malignant immortalized gastric epithelial cells. We have observed induction of SMO with several H. pylori strains that we have tested.
In addition, we have found a significant increase in SMO mRNA expression in mouse and human H. pylori gastritis tissues . Furthermore, we observed that levels of SMO in human gastritis tissues from H. pylori-negative patients with gastritis were only modestly increased, whereas tissues from H. pylori-infected patients exhibited consistently higher levels of expression . We also showed that SMO was increased in gastric epithelium by assessing SMO mRNA expression levels in epithelial cells harvested by laser capture microdissection from gastric tissues ).
Biological consequences of induction of SMO MDL 72527, an inhibitor of SMO activity, attenuated H. pylori-induced apoptosis in macrophages and this observation was confirmed with knockdown studies using siRNA to SMO . Further, MDL 72527 decreased levels of ROS measured by flow cytometry, using CM-H 2 DCFDA, and levels of H 2 O 2 measured by Amplex red ). Inhibition of SMO by MDL 72527 also blocked mitochondrial membrane depolarization induced by H. pylori and cytochrome c release and activation of caspase-3 in macrophages (Fig. 5) . Inhibition of these events by MDL 72527 or siRNA knockdown of SMO indicates that apoptosis in macrophages during H. pylori stimulation is due to oxidation of polyamines, specifically spermine . Exogenous overexpression of SMO also resulted in an induction of apoptosis . Because APAO was not induced at the mRNA level and the activity was also not increased by H. pylori, we focused on SMO; when we performed siRNA knockdown, which resulted in complete attenuation of the H. pyloriinduced apoptosis in macrophages ). In addition, in the mouse model of H. pylori infection, gastric macrophage SMO mRNA levels were increased by 10.3 ± 3.4-fold (p \ 0.001, data not shown).
In summary, in response to H. pylori, L-Arg is transported into macrophages and metabolized by Arg2 into L-ornithine, which ODC then converts into polyamines. H. pylori-induced SMO can then back-convert spermine into spermidine and release H 2 O 2 that depolarizes mitochondrial membrane potential leading to release of cytochrome c into the cytosol, activation of caspase-3, and apoptosis in macrophages (Fig. 5) .
In epithelial cells, H. pylori-induced apoptosis is also mediated by H 2 O 2 generated by SMO. We implicated polyamine oxidation as the source of oxidative stress by using MDL 72527 . We reported that knockdown of SMO with siRNA resulted in marked attenuation of both apoptosis and DNA damage, directly demonstrating the role of SMO in these events in H. pylori-stimulated cells . Importantly, we found that H. pylori did not induce any increase in APAO activity in gastric epithelial cells . As in macrophages, inhibition of SMO in epithelial cells attenuated mitochondrial membrane depolarization, cytochrome c release, and activation of caspase-3 . Oxidative stress that occurs during interactions between H. pylori and gastric epithelial cells can lead to DNA damage in vivo in humans and mice by causing nucleotide oxidation (Bagchi et al. 2002; Davies et al. 1994; Farinati et al. 1998) . Chronic H. pylori infection increases mutation frequency leading to base substitutions and frame shift mutations (Touati et al. 2003) , and accumulation of cells with damaged DNA may occur by downregulation of pro-apoptotic proteins (Wei et al. 2010) . These findings highlight the importance of oxidative stress during H. pylori infection, as the fate of cells with damaged DNA is critical in the development of H. pylori-induced cancer.
In our epithelial cell model of H. pylori infection, DNA damage was shown to be increased by infection, when assessed by comet assay (Fig. 6a-d) or by levels of 8-oxoguanosine (Fig. 6e) ). The latter was measured using an FITC-labeled binding peptide, specifically indicating that there was oxidative DNA damage. The H. pylori-induced DNA damage was attenuated by the H 2 O 2 detoxifying agent, catalase, or by MDL 72527 to a similar degree (Fig. 6a-d) , and in addition, knockdown of SMO with siRNA also effectively abrogated the oxidative DNA damage (Fig. 6e) ). Figure 7 demonstrates the proposed pathway for generation of oxidative stress in gastric epithelial cells exposed to H. pylori. We have emphasized the back-conversion of spermine to spermidine by SMO, but the SSAT/APAO pathway is also likely to participate in the metabolism of polyamines in this model and would allow for conversion of spermidine to putrescine. It is important to note that some ROS-induced mutations may not be lethal and may lead to growth and/or survival advantages during gastrointestinal inflammation (Meira et al. 2008) . 8-oxoguanosine, as a DNA adduct that results from H 2 O 2 production, can produce G to T transversion mutations that are commonly found in tumor suppressor genes and oncogenes (Hussain and Harris 1998; Cheng et al. 1992) . Additionally, we have reported that H. pylori-induced phosphorylation of the epidermal growth factor receptor (EGFR), which results in its transactivation, leads to attenuation of H. pylori-induced apoptosis in gastric epithelial cells (Yan et al. 2009 ). Cells with DNA damage that avoid apoptotic death could in time accumulate sufficient numbers of mutations to become neoplastically transformed (Fig. 7) . To this point, we have observed that in conditionally immortalized gastric epithelial cells, and in isolated cells from infected stomachs of gerbils and Xu et al. 2004) hypergastrinemic mice, there is a population of cells that are resistant to apoptosis despite exhibiting DNA damage.
Clinical implications
In general, rates of H. pylori infection correlate with gastric cancer and are greatest in underdeveloped countries (Peek and Blaser 2002) . The fact that infection rates are high in underdeveloped countries raises practical issues related to the management of H. pylori-associated disease, including: cost of antibiotic treatment, high rates of treatment failure in these regions (Camargo et al. 2007; Mera et al. 2005) , and frequent reinfection after antibiotic treatment (Mera et al. 2005) . H. pylori may often behave as a commensal organism (Blaser 1997) , making it more difficult to determine which individuals should be treated, and in addition the infection is inversely correlated with asthma (Chen and Blaser 2008) and esophageal reflux disease/cancer (Varanasi et al. 1998; Islami and Kamangar 2008) , a counter-argument to universal treatment. Therefore, enhanced understanding of the immunopathogenesis of the infection and the stratification of cancer risk is needed. We contend that the Arg2-ODC pathway in macrophages is a major mediator of the failed immune response to H. pylori. Further, the generation of DNA damage from the oxidation of spermine by SMO induction may be a central mechanism in the development of neoplastic transformation.
Taken together, these concepts suggest that an effective target for therapeutic intervention in H. pylori infection could be interference with synthesis and/or oxidation of polyamines. A similar strategy has been used for the treatment of tropical diseases such as trypanosomiasis, Chagas' disease, and leishmaniasis with inhibitors of polyamine synthesis (Heby et al. 2007 ). In our chemoprevention study in mice, inhibition of ODC with DFMO and subsequent reduction in polyamines leads to enhanced host defense against this infection . We speculate that inhibition of polyamine synthesis could have an additional benefit of reducing oxidative stress (and associated DNA damage) by depleting polyamines, Fig. 7 Schematic of the role of SMO in gastric epithelial cells exposed to H. pylori. Induction of SMO generates oxidative stress that can result in both apoptosis and DNA damage, with increased survival of cells with DNA damage when apoptosis is attenuated by EGFR transactivation resulting in heightened risk for acquisition of molecular alterations that can lead to neoplastic transformation Metabolism of arginine and polyamines in H. pylori infection 637 including spermine, which was reduced in our chronic treatment model . To this end, studies are underway in laboratory on mouse and gerbil models of gastric cancer using DFMO and MDL 72527. Another intriguing point is that we have recently reported that treatment of H. pylori with DFMO in vitro reduces its growth and leads to bacteria of a smaller size that are similar to the less virulent coccoid form of H. pylori ). In addition, DFMO reduces protein levels of CagA, an H. pylori-derived virulence factor that is translocated into gastric epithelial cells by a type IV secretion system. This was associated with decreased translocation, as evidenced by less phosphorylated CagA in gastric epithelial cells in a co-culture model . However, the direct effects of DFMO on H. pylori were reversible, indicating that it was unlikely to be the main mechanism of inhibition of H. pylori colonization in vivo; in fact, we found that pretreatment of H. pylori had no effect on colonization when mice were not treated with DFMO . Further, we have recent evidence that when ODC ?/-mice were infected with H. pylori, there was decreased colonization compared with WT mice, and this was associated with increased macrophage iNOS levels. Notably, DFMO has been shown to be effective in the chemoprevention of intestinal neoplastic lesions in the Apc
Min/? mouse model (Yerushalmi et al. 2006 ) and of recurrent adenomatous colon polyps when used in combination with the non-steroidal antiinflammatory drug sulindac in human studies (Meyskens et al. 2008) . Thus, inhibition of the polyamine metabolic pathway could have several important benefits in H. pylori infection by improving host defense and reducing oxidative stress and neoplastic risk. It could prove to be a useful adjunctive treatment for H. pylori infection.
